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Abstract 



After some preliminary arguments suggesting that neutrino mixings with in- 
verted mass pattern may be easier to understand within the framework of a 
local horizontal symmetry SU{2)h acting on leptons, we construct a specific 
extension of the minimal super symmetric standard model that implements 



(N 

^T) , the idea and analyze its predictions. We show that the horizontal symmetry 

' leads to an experimentally testable relation between the neutrino parame- 

' ters Ue3 and the ratio of solar and atmospheric mass difference squared i.e. 



"A 



^ ■ U^^cos26q = ~^ ^(^e3i i^e/m^)'^). Taking the solar neutrino parame- 

' ters inferred from present data at 99.7% confidence level, the above relation 

^ ' leads to a lower bound on Ue3 > 0.08 and an allowed region in the f/es and 

^^r~T" space which can be tested in proposed long baseline experiments. 

I. INTRODUCTION 

^ I As the outline of the neutrino mixings pattern is beginning to emerge from recent solar 

\ and atmospheric neutrino experiments, understanding the neutrino mass matrix has become 
one of the central problems in theoretical particle physics. On the phenomenological side, 
while the mixings responsible for both solar and atmospheric neutrino oscillations seem to be 
fairly large (unlike quark mixings) the pattern of masses seem to remain undetermined. 
Three generic patterns that can be considered as equally acceptable at present are masses 
(i) with normal hierarchy i.e mi <^ m2 -C ms; (ii) inverted hierarchy i.e. mi ~ — m2 ^ 
and (iii) degenerate i.e. mi ~ m2 — m^. Once some of the contemplated long baseline 
neutrino experiments and high precision searches for neutrinoless double beta decay 
are carried outQ, the true mass pattern will be revealed. From a theoretical point of view, 
each pattern could be an indication of a different symmetry of physics beyond the standard 
model. Therefore, before those experiments are carried out, it is of interest in our opinion 



^If the recent reports of a positive signal for /3/3ov Q are confirmed, the degenerate mass pattern 
0] will be picked as the unique choice and models of the type discussed here will be disfavored. 
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to explore the symmetry approach to understanding neutrino masses and isolate their tests. 
Combination of the future experimental results and the theoretical explorations can then 
decide the nature of physics beyond the standard model. 

The key issues that need to be understood are: (i) the large atmospheric and solar mixing 
angles; (ii) the smallness of the ratio ArriQ/ Am\ and (iii) the smallness of the mixing Ues- 

One symmetry that predicts in zeroth order the correct mixing pattern i.e. large solar 
and atmospheric angles and zero f/es is the combination of the three leptonic symmetries 
of the standard model i.e. L^. — — L^. 0; it picks the inverted hierarchy pattern and an 
exact bimaximal mixing |^. However in the symmetry limit it predicts that ArriQ = while 
Am\ is predicted to be nonzero. This, therefore raises the possibility that, one may be able 
to understand the second puzzle in such models. In fact if one includes small breakings of 
the Le — Lf^ — Lr symmetry either radiatively 0] or otherwise, it leads to quite interesting 
and testable neutrino mixing patterns. Because of this a great deal of attention has recently 
been focussed on it |0. 

In order to have a deeper theoretical understanding of the inverted neutrino mass pattern 
with near bimaximal mixing or the L^ — L^ — Lr symmetry, one approach would be to study 
it within a seesaw framework where the smallness of the neutrino masses is understood in a 
very simple manner [Q. It appears that the most convenient way to arrive at the inverted 
pattern with two large mixings in a seesaw framework is to work with two heavy right 
handed neutrinos rather than three as is dictated by quark lepton symmetry [|l^]. In a 
recent paper fnil, we pointed out that if the standard model is extended by the inclusion 



of an SU{2)h [|T2| symmetry acting on two lepton families, freedom from global anomalies 
require that there be two right handed neutrinos at the scale where SU{2)h symmetry is 
broken. We further showed that (i) the presence of the SU{2)h symmetry also helps in 
the understanding of the near bimaximal mixing pattern; (ii) the smallness of Am^/Am^ 
||T3| is associated with a symmetry related to the horizontal symmetry. Needless to say that 
while it may appear that theory does not have quark lepton symmetry, it could be easily 
restored by including the third right handed neutrino and making it heavier than the seesaw 
scale. In this case the low energy theory near the horizontal symmetry breaking scale looks 
effectively like a theory with two right handed neutrinos. 

It is the purpose of this paper to analyze this class of models in more detail and point 
out that in a specific supersymmetric realization of the model there is an experimentally 
interesting relation between the Ues parameter, the ratio Am^/Am^ and the solar mixing 

angle 9q i.e. sinOQ as follows: U^^cos29q = + 0{U^.^, {rrie/m^)'^). Apart from being 

experimentally testable, this relation also provides a natural explanation of why the Am^ 
is so much smaller than Am\. 

We have organized this paper as follows: in section 2, we give arguments to suggest that 
within a seesaw framework for neutrino masses, normal or inverted hierarchical patterns 
prefer that one of the right handed neutrinos is much heavier than the others. In section 3, 
we present the basic ingredients of the model which is an SU{2) h extension of the minimal 
supersymmetric standard model (MSSM); in sec. 4, we discuss the predictions for neutrino 
mixings in the model and derive the main result of the paper, which is the relation between 
the neutrino oscillation parameters discussed above. Section 5 is devoted to some additional 
comments and in sec. 6, we give a summary of our results and conclusions. 
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II. WHY SU{2)h ? 



In this section, we will argue that for the normal or inverted hierarchy case, it is quite 
possible that two of the right handed neutrinos are lighter than the third one. This can be 
seen as follows. Let us assume that the smallness of the neutrino masses owes its origin to 
the seesaw mechanism 0: 

= -MdM^'M^ (1) 

Inverting this relation with the assumption that the Dirac mass matrix is diagonal, one can 
express M/j in terms of the neutrino mixing matrix elements and the neutrino masses rrii 
and one has: 

Mn^ap = rnD,alJ^~pTnD,f3 (2) 

with 

i 

where U is the neutrino mixing matrix. Now observe that for both the normal and inverted 
hierarchy case, the lightest neutrino could have mass even equal to zero. Clearly as its mass 
gets closer to zero, the RH neutrino matrix takes the factorized form 

Mr = mr^|l)(l| (4) 

where |1) = (f/iim|)^, f/2i"^Di"^D2, f^si'^Di'^Ds) and clearly the smaller mi is, the heavier 
the heaviest right handed neutrino becomes. On the other hand the masses of the other 
two RH neutrinos are not free since they are linked to observed Amg and Am\. In this 
sense, we see that for both the normal and the inverted hierarchy case, it is quite likely that 
there is a separation of the RH neutrino levels. In fact, in the case of inverted hierarchy, 
the two "heavy" left handed neutrinos are nearly degenerate, the two lighter RH neutrinos 
are likely to be very close in mass, which then makes the case for a symmetry associated 
with it. In ref. |]lT| we argued that the relevant symmetry is SU{2)h symmetry, which by 



group theory argument alone puts two of the RH neutrinos lighter than the third one. As 



discussed in ref. W^, this happens because, when the local horizontal symmetry acts on 
the charged right handed leptons, freedom from global anomalies indeed requires that there 
be two RH neutrinos transforming as a doublet under SU{2)h- Their mass after SU{2)h 
symmetry breaking then would be of order of the horizontal symmetry breaking scale. The 
third RH neutrino being unconstrained by this symmetry would have a much higher mass. 



III. DETAILS OF THE MODEL AND MASS MATRICES FOR LEPTONS 

Our model is based on the gauge group Gstd x SU{2)h with supersymmetry. In Table 
I the assignment of the leptons and Higgs superfields under the gauge group SU{?>)c x 
SU{2)l X f/(l)y X SU{2)h = Gstd x SU{2)h is given. 
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Table I 



Particles 


GsTD X SU(2)h 




Quantum numbers 




(1,2,-1,2) 


Lr 


(1,2,-1,1) 




(1,1,-2, 2) 




(1,1,-2, 1) 




(1,1,0,2) 


K 


(1,1,0,1) 


Xh={xi X2 ) 


(1, 1, 0, 2) 


Xh = (xi,X2) 


(1,1,0,2) 


Hu 


(1,2,L1) 


Hd 


(1,2,-1,1) 


Ah 


(1,1,0,3) 



Table caption: Representation content of the various fields in the model under the gauge 
group GsTD X SU{2)h. 

Here ive,^,T denote the left handed lepton doublet superfields. The quarks can transform 
as singlets or doublets of SU{2)h and are not mentioned since it does not mix affect the 
lepton masses which is the main focus of this paper. Wc arrange the Higgs potential in 
such a way that the SU{2)h symmetry is broken by < xi >= vhi',< Xi >= and 
< A.H,3 >— v'fj, where vhjv'jj ^ v^k- Note that we have used the SU{2)h symmetry to 
align the /S.h vev along the Ih,^ direction. At the weak scale, the neutral components of the 
fields Hu and Hfi acquire nonzero vev's and break the standard model symmetry down to 
SU{'i)c X U{l)em- We denote these vev's as follows: < iJ^ >= and < >= K,QCotf3 ; 
Clearly is expectd to have values in few to 100 GeV range. All the vev's and couplings 
are taken to be real. 

Note that < breaks the SU{2)h group down to the [/(1)l^_l^ group which is 

further broken down by the xh vev. Since the renormalizable Yukawa interactions do not 
involve the xh field, this symmetry (Lg — L^) is also refiected in the right handed neutrino 
mass matrix and plays a role in leading to the bimaximal mixing pattern. 

To study the pattern of neutrino masses and mixings, let us first note that if we included 
in the theory, a bare mass for the v^ ji field is allowed at the tree level unconstrained 
by any symmetries. This mass can therefore be arbitrarily large and Vt^r will decouple from 
the low energy spectrum. We will work in this limit of decoupled VrR and write down the 
gauge invariant Yukawa superpotential involving the remaining leptonic fields. 

Wy = hiiLeHui^'^ + L^Hui^l) + hoLr{i^lx2 + i^'eXi)Hu/M (5) 

-ifN'^T2T ■ AnN' + ^{L,X2 - L^Xi)HdT' 
+^LrHa{i^''X2 + e^xi) + KLrHar'' + h'^{L,e'' + L^/x^)//^ 
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< A^^ >= v'jj directly leads to the — L^j, invariant v^r — p^r mass matrix at the seesaw 
scale. The xh vev contributes to this mass matrix only through nonrenormalizable operators 
and we assume those contributions to be negligible. We also do not include any term where 
Ah and xh couple to light fields. Since in super symmetric theories, the superpotential does 
not receive any loop induced corrections due to the nonrenormalization theorem, conclusions 
derived on the basis of the above potential are stable under radiative corrections. It must 
however be noted that even if such couplings were allowed, there would be no change in 
the predictions since the effects would be small. Similarly there will also be some small 
contributions from the u^-r sector if we did not decouple it completely. We ignore these 
contributions in our analysis. Further, we define k,i^2 — ^'^ taken to of order 10 GeV 
or so. 

To study neutrino mixings, we write down the 5x5 seesaw matrix for neutrinos: 



M, 






















hiKi 



hoKo hiK2 



hoKo 



hiKi 




\ 

hiK2 
fv'H 

/ 



(6) 



After seesaw diagonalization, it leads to the light neutrino mass matrix of the form: 

= -MdM^^MI (7) 

/ HqKq \ / 1 \ 

where Mjj — hoKo ; M^^ — j^- ( g J • The resulting hght Major ana neutrino 

\ hiKi hiK2 j " \ / 

mass matrix A4i, is given by: 



fv'H 







{hoKo)'^ hohiKoK2 

(hoKof hohiKoKi 

\ hQhiKQK2 hohiKQKi 2h'lKiK2 



(8) 



To get the physical neutrino mixings, we also need the charged lepton mass matrix defined 
by 'ipL-M.iipR. This is given in our model by: 



Me = cotp 



I h^KQ —h[K2 \ 

h2K,Q h'^Ki 
\ h'^Ki h'^K2 h'^Ko J 



(9) 



In order to study physical neutrino mixings, we must diagonalize the A4i, and matrices. 
We discuss this in the next section. 



IV. A RELATION BETWEEN NEUTRINO MIXINGS AND SMALLNESS OF 

AM|/AM| 

In order to discuss the physical neutrino mixings, we need to work in a basis where the 
charged lepton mass matrix is diagonal. Defining the matrices that diagonalize the charged 
lepton mass matrix as — U^^^ MiU^^^\ we get 
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(L) 



f Si ci 

C/3C1 -Cf3Si Sp 
\ -SpCi SpSi C/3 



(10) 



where tan2P 



nifj^/mr and sinOi = Si 



This matrix receives small 



corrections of order rrie/m^, which are not important for our considerations. 

In order to discuss neutrino mixings, we write down the orthogonal matrix Ui, that 
diagonalizes the Ai^, for ki 7^ 0. Defining two angles 6*1^2: 



sinOi = Si 



Kl 



Kl 



K2 



(11) 



sin9o 



S2 



hoKo 



the neutrino mass matrix can be written in terms of these angles as: 



A 



^ si C2S2C1 

si C2S2S1 I (12) 
\ C2S2C1 C2S2S1 2clsiCi 



The neutrino mass matrix Ai^ has a zero eigenvalue since one of the three right handed 
neutrinos was not protected by the SU{2)h symmetry and had decoupled. Identifying 
this with the third neutrino we have its mass ms = 0. The correspnding third-neutrino 
eigenvector is easy to evaluate exactly and is (c2Si, C2C1, —S2). 

The orthogonal matrix that diagonahzes M.^ (i.e. UlM.i,Uy = D^) is given by 



( Old — S1S2S' Cis' + S1S2C! C2S1 
-Sid - C1S2S' -Sis' + C1S2C' C2C1 I (13) 

\ -C2S' C2C' -S2 



where s' = sinO' with 9' given by tan2e' = • Note that as Si — > 0, 0' — s> 7r/4. Note 

that the third neutrino eigenvector is the third column of the above matrix. 

The final physical neutrino mixing matrix is then given by U = ul^^'Uy, where uf''' is 
defined in the previous section. Combining this with the neutrino mixing matrix ?7,^, we get 
the final physical neutrino mixing matrix U to be 

S2S' S2C' C2 \ 

U = -{dcp + C2s'sp) -{cf^s' - spC2d) -S2S13 (14) 

\ (c'S/3 - C2s'Cf3) {C2dcf3 + s'sp) S2Cf3 J 

To see the consistency of the model, we first note that Ues = C2 < 0.16 from the reactor 
neutrino data [|T^]. This implies S2 — 1 and for ki ^ ^2 <^ kq, < 0.16. To fit the 

atmospheric data, we then require, Sf3 ~ 1/^2. This can be easily satisfied by requiring the 
Yukawa couplings to have a hierarchy hyh[ <^ 2^^. 

The solar mixing angle {sinOQ = Ue2), for S2 — 1 is given by 
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tan2eQ = tan2d' ~ cot2di (15) 

This implies that 

sin2e^ ^ (cl - si) = 4^ (16) 



Coming to neutrino masses mi, m2 and m^, in the absence of kik,2 we have mi = —m2 

4 



/iq/^o and ms = 0. The solar mass squared difference AttIq = m\ — m\ is generated when ki 
is turned on while the atmospheric mass squared difference Am\ = ml — ml ~ /ig^g S^^^ ^ 
small correction. In the limit of S2 — 1, one can write Amg in terms of Ki as follows: 

Ami y'/.g«:2 + /.f(«:f + «:i) 

It is then clear that if we choose ki^2 ^ 1^0 along with a mild hierarchy among the Yukawa 
parameters hi^, we can obtain the desired solar neutrino mass squared difference. This 
leaves the relative valus of ni with respect to K2 unaffected. Appropriately choosing their 
relative values, we can get the solar mixing angle to be smaller than maximal as indicated 
by the central value for it. 

Combining the above equations, we get for Ues -C 1, 

U',sCos2e^ = + 0(^/4, {mjm.r) (18) 

This equation is the major result of the paper and it is a direct consequence of the SU{2)h 
symmetry. It is interesting to note that the smallness of Amg/Ami is related to the small- 
ness of Ue3- Furthermore this relation, Eq.(20) provides a test of the leptonic horizontal 
symmetry. In Fig. 1, we show the implications of this equation for the allowed parameter 
range in the case of the LMA solution to the solar neutrino problem. Inside of the quadrilat- 
eral is the allowed region for the parameters for the centarl value of the Am\ = 2.5 X 10"^ 
eV^. Therefore, unless new solar neutrino data changes the current picture of neutrino mix- 



ings, long base line experiments such as the proposed JHF and NUMI Off-axis as well 
as KAMLAND experiments must yield points inside this allowed region, if this model is to 
describe nature. As is clear from the Fig. 1, taking the best fit values for the solar mixing 
angle i.e. 0.22 < tan^OQ < 0.59 and 2.2 x lO-^e^^ < Am| < 2 x lO-^el^^ (^^t 99.7% c.L), 
we find that, 0.25 < cos26q < 0.63, and using the above equation we get, 

0.4 > Ue3 > 0.083 (19) 

Thus this model is testable in near future. 



V. COMMENTS AND OTHER TESTS OF THE MODEL 

(i) A characteristic test of the inverted hierarchy models is in its prediction for neutri- 
noless double beta decay ||16|. Generically in the exact bimaximal limit, the effective mass 
measured in neutrinoless double beta decay i.e. < m >/3/3= J^U^i^i = 0, since we have 
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< m >i3/3= TTiiU^i + m2U^2 "^1 — and Uei = Ue2 = l/'s/S- The mass matrix in 

Eq. (8) however differs from this hmit; nonetheless, the change in mass differences and the 
change in the mixing angles compensate each other to give zero. Therefore in the class of 
models we are discussing, the neutrinoless double beta decay is a probe of the structure 
of the leptonic mass matrix. In our case we predict < m >pi3— {cos29q\J Am\) , which at 
99.7% confidence level be as large as 0.03 eV. 

(ii) The model leads to the standard MSSM below the horizontal symmetry breaking 
scale. 

(iii) In our model we imposed x ~^ ~X discrete symmetry. This will leave the charge 
neutral Higgisnos corresponding to % and % massless. However one may add a bilinear term 
of the form XX to the superpotential thereby breaking the discrete symmetry softly. This 
will then generate a mass for the corresponding horizontal Higgsino. 

VI. SUMMARY AND CONCLUSIONS 

In conclusion, we have presented an extension of the minimal supersymmetric standard 
model where a local SU {2)h symmetry acts on both on the left and right handed charged 
leptons. Freedom from global anomalies then requires that a doublet of right handed neu- 
trinos be included in the theory. This model provides a very natural way to understand 
two crucial features of the current neutrino oscillation data i.e. near bimaximal mixing 
pattern and a small Amg/Am^. It also gives a relation between the neutrino obscrvables 
Uez, Amg/Am^ and solar mixing angle siii?26Q. For the current fits to the latter two 
parameters, it predicts a lower bound on Uez which is quite accessible to long baseline ex- 
periments currently planned. We also present the complete range of allowed values for C/gs 
and Amg/Am^ predicted by our model. 

The work of R. N. M. is supported by the National Science Foundation Grant No. PHY- 
0099544. We thank Luis Lavoura for a useful comment and Dragos Constantin for help with 
the figure. 



8 



REFERENCES 



[1] V. Barger, K. Whisnant, D. Marfatia and B. P. Wood, |hep-ph/0204253| ; J. Bahcall, C. 
Gonzalez-Garcia and C. Pena-Garay, |hep-pii/0204314| ; A. Bandopadhyay, S. Choubey, 
S. Goswami and D. P. Roy, |hep-ph / 0204286 ; P. de Hollanda and A. Smirnov, [hep 
ph/020524^ 



[2] For a review and references, see M. Lindner, Proceedings of Neutrino 2002 (Munich, 
Germany), May, 2002. 

[3] GENIUS collaboration, H. Klapdor-Kleingrothaus et al., J. Phys. G. G 24, 483 (1998); 
CUORE collaboration, E. Fiorini, Phys. Rep. 307, 309 (1998); MAJORANA collabora- 
tion, C. E. Aalseth et al. |hep-ex / 020 1 02 1| ; EXO collaboration, G. Gratta et al. Invited 
talk at the Neutrino miniworkshop at INT, Seattle, April, 2002; MOON collaboration, 
H. Ejiri et al. Phys. Rev. lett. 85, 2917 (2000); For a review, see O. Cremonesi, Pro- 
ceedings of Neutrino 2002 (Munich, Germany), May, 2002. 

[4] H. V. Klapdor-Kleingrothaus et al. Mod. Phys. Lett. 16, 2409 (2001). 

[5] D. Caldwell and R. N. Mohapatra, Phys. Rev. D (1993); A. Joshipura, Phys. Rev. 
D51, 1321 (1995). 

[6] A. Joshipura and S. Rindani, Eur.Phys.J. C14, 85 (2000); R. N. Mohapatra, A. Perez- 
Lorenzana, C. A. de S. Pires, Phys. Lett. B474, 355 (2000); T. Kitabayashi and M. 
Yasue, Phys. Rev. D 63, 095002 (2001); Phys. Lett. B 508, 85 (2001); |hep-ph/0110303| ; 
L. Lavoura, Phys. Rev. D 62, 093011 (2000); W. Grimus and L. Lavoura, Phys. Rev. D 
62, 093012 (2000); J. High Energy Phys. 09, 007 (2000); J. High Energy Phys. 07, 045 
(2001); R. N. Mohapatra, |hep-ph/ 010727^ ; Phys. Rev. D 64, 091301 (2001); K. S. Babu 
and R. N. Mohapatra, Phys. Lett. B 532, 77 (2002); H. S. Goh, R. N. Mohapatra and 
S.-P. Ng, |hep-ph/0205T31] ; (to appear in Phys. Lett. B (2002)); Duane A. Dicus, Hong- 
Jian He, John N. Ng, Phys. Lett. B 536, 83 (2002); Q. Shafi and Z. Tavartkiladze, Phys. 
Lett. B 482, 1451 (2000); Mass matrices with Lg — — symmetry were discussed 
in S. Petcov, Phys. Lett. B 110 , 245 (1982). 

[7] V. Barger, S. Pakvasa, T. Weiler and K. Whisnant, Phys. Lett. B437, 107 (1998); A. 
Baltz, A. S. Goldhaber and M. Goldhaber, Phys. Rev. Lett. 81, 5730 (1998); M. Jezabek 
and Y. Sumino, Phys. Lett. B440, 327 (1998); G. Altarelh and F. Feruglio, Phys. Lett. 
B439, 112 (1998); F. Vissani, |hep-ph/9708783t R. N. Mohapatra and S. Nussinov, Phys. 
Rev. D 60, 013002 (1999); for a review of theoretical ideas on bimaximal mixing, see 
S. Barr and I. Dorsner, Nucl. Phys. B589, 75 (2000). 

[8] See for instance K. S. Babu and R. N. Mohapatra, Ref. 0. 

[9] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewenhuizen 
and D.Z. Freedman (North Holland 1979); T. Yanagida, in Proceedings of Workshop on 
Unified Theory and Baryon number in the Universe, eds. O. Sawada and A. Sugamoto 
(KEK 1979); R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). 

[10] W. Grimus and L. Lavoura, JHEP 0107, 045 (2001); S. F. King, |hep-ph/9912i92t S. 
F. King and N. Singh, |hep-ph/0006229| . 

[11] R. Kuchimanchi and R. N. Mohapatra, |hep-ph/020TTTI]| . 

[12] D. S. Shaw and R. R. Volkas, Phys. Rev. D47, 241 (1993); R. Barbieri, L. Hall and A. 
Romanino, Phys. Lett. B401, 47 (1999); K. S. Babu and R. N. Mohapatra, Phys. Rev. 
Lett. 83, 2522 (1999); T. Blazek, S. Raby and K. Tobe, Phys. Rev. D62, 055001 (2000); 



9 



A. Aranda, CD. Carone, and P. Meade, Phys. Rev. D65, 013011 (2002); A.Aranda, 

CD. Carone, and R.F. Lebed, Phys. Rev. D62, 016009 (2000). 
[13] For other attempts to understand this smallness, see E. Ma, Phys. Rev. Lett. 83, 2514 

(1999); A. Joshipura, |hep-ph/0205038 . 
[14] CHOOZ collaboration, M. Apollonio et. al., Phys. Lett. B466, 415 (1999); Palo-verde 

collaboration: F. Boehm et al., Phys. Rev. Lett. 84, 3764 (2000). 
[15] A. Para and A. Szelepar, |hep-ex/OllOD^ . 

[16] H. Klapdor-Kleingrothaus, H. Pas and A. Smirnov, Phys. Rev. D 63, 073005 (2001). 



10 



Sin2 e _ = 0.97 Sin2 e „ = 0.90 




0.004 0.008 0.012 0.016 



A , / (2 A ) 

S ol ^ Atm-' 



FIG. 1. The figure depicts the prediction of our model for C/e3 for different values of Ami, and 
sm^200. The points inside the quadrilateral region are the model predictions. Bold dotted lines 
are the current central values for sin29Q and Am|,. The labels SMA, LOW and VAC mean the 
location of the relevant solutions in the plot. 
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